Inhibitor of DNA binding 1 (Id-1) has been implicated in tumor angiogenesis by regulating the expression of vascular endothelial growth factor (VEGF), but its molecular mechanism has not been fully understood. Here, we show the cross talk between Id-1 and hypoxia-inducible factor-1A (HIF-1A), that Id-1 induces VEGF by enhancing the stability and activity of HIF-1A in human endothelial and breast cancer cells. Although both the transcript and proteins levels of VEGF were induced by Id-1, only the protein expression of HIF-1A was induced without transcriptional changes in both human umbilical endothelial cells and MCF7 breast cancer cells. Such induction of the HIF-1A protein did not require de novo protein synthesis but was dependent on the active extracellular response kinase (ERK) pathway. In addition, stability of the HIF-1A protein was enhanced in part by the reduced association of the HIF-1A protein with von Hippel-Lindau protein in the presence of Id-1. Furthermore, Id-1 enhanced nuclear translocation and the transcriptional activity of HIF-1A. Transcriptional activation of HIF-1 -dependent promoters was dependent on the active ERK pathway, and the association of HIF-1A protein with cyclic AMP-responsive element binding protein was enhanced by Id-1. Finally, Id-1 induced tube formation in human umbilical endothelial cells, which also required active ERK signaling. In conclusion, we provide the molecular mechanism of the cross talk between HIF-1A and Id-1, which may play a critical role in tumor angiogenesis. (Mol Cancer Res 2007;5(4):321 -9) 
Introduction
Angiogenesis is a highly complex and coordinated process regulated by a number of proangiogenic and antiangiogenic molecules, and there is consensus that vascular endothelial growth factor (VEGF) signaling is critical during tumor progression (1) . VEGF induces angiogenesis by inducing proliferation, differentiation, and chemotaxis of endothelial cells (2, 3) . VEGF expression can be induced by hypoxia, and it is well established that the transcription factor hypoxia-inducible factor 1 (HIF-1) is a key mediator of such response (4, 5) . HIF-1 is a heterodimeric complex composed of inducible HIF-1a and constitutive HIF-1h subunits. In contrast to HIF-1h, oxygen levels regulate both the expression and activity of HIF-1a. At normoxia, HIF-1a is rapidly ubiquitylated and degraded by the 26S proteasome, whereas at hypoxia, the protein is stabilized (6) . Degradation of HIF-1a is regulated by hydroxylation of specific proline residues that are recognized by the von Hippel-Lindau (VHL) tumor suppressor protein, which is part of an E3 ubiquitin ligase complex (7, 8) . At low oxygen levels, HIF-1a translocates to the nucleus (9) , where the functionally active HIF-1a/HIF-1h complex activates transcription of target genes by binding to cognate hypoxia-responsive elements (HRE) and by recruiting coactivators, such as p300/ cyclic AMP-responsive element binding protein-binding protein (CBP), and factors belonging to the SRC/p160 family of proteins (10) (11) (12) (13) . In addition to hypoxia, a growing number of hormonal, environmental, and intracellular stimuli as well as posttranslational modifications have been reported to regulate the stability and/or activity of HIF-1a protein (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Inhibitor of DNA binding 1 (Id-1) is a member of the Id protein family that is implicated in the regulation of cellular differentiation, cell cycle progression, senescence, and apoptosis (26) . Evidence also suggests that Id proteins may be key regulators of oncogenic transformation and tumor progression in a subset of tumor types (reviewed in ref. 27 ). In tumor angiogenesis, the roles of Id-1 have been shown mainly in two different cell types: endothelial cells and tumor cells.
The crucial role of endothelial Id protein in tumor angiogenesis was initially reported from xenograft studies in Id-1
À/À

Id-3
+/À mice (28) . Xenograft tumors in Id-1 À/À Id-3 +/À mice either fail to grow completely or show slower growth with extensive hemorrhage and necrosis. However, transplantation of wild-type bone marrow -derived endothelial precursor cells restores tumor angiogenesis and growth in Id-1 À/À Id-3 +/À host (29) . In spontaneous tumors that arise in the Id-1 À/À Id-3
background, the consequence of angiogenesis inhibition by Id loss varies in severity depending on the tumor type (26, (30) (31) (32) . Despite more variability in their dependence on bone marrowderived endothelial precursor cells than xenografts, the importance of endothelial Id expression on tumor angiogenesis have been recognized. The critical role of Id-1 proteins in angiogenic processes have also been reported in human endothelial cells. Induction of Id-1 and Id-3 proteins is seen in VEGF-induced human umbilical endothelial cells (HUVEC; ref. 33 ). In addition, transplantation of Id-1 -transfected HUVECs augments therapeutic angiogenesis in murine hind limb ischemia model (34) . At the molecular level, Id-1 is reported as a downstream mediator of bone morphogenetic protein and proangiogenic fluvastatin (35) (36) (37) (38) . Despite numerous reports of Id-1 overexpression in various primary tumors (reviewed by ref. 27 ), the correlation between Id-1 overexpression and tumor angiogenesis is reported only in primary human pancreas cancers (39) , estrogen receptornegative and node-positive subtype of invasive ductal breast carcinoma (40) , and hepatocellular carcinoma (41) . Although not limited to its role in tumor angiogenesis, Id-1 is identified as one of the lung metastasis signature genes, and targeting Id-1 and Id-3 by RNA interference inhibits peritoneal metastasis of gastric cancer (42, 43) . Chemicals such as 1a,25-dihydroxyvitamin D3 activates Id-1 promoter in human colon carcinoma cell line, whereas 2-methoxyestradiol down-regulates Id-1 expression in mammary tumor and endothelial cells (44, 45) . In addition, rastransformed murine fibrosarcoma cells release soluble mediators that can induce thrombospondin-1 down-regulation in adjacent nontransformed, normal dermal fibroblasts, where Id-1 gene expression is required for paracrine thrombospondin-1 downregulation (46) . Furthermore, overexpression of Id-1 in prostate cancer cells is reported to promote angiogenesis by inducing VEGF expression (47) .
In this study, we examined the role of Id-1 overexpression in breast cancer cell line MCF7. We report that Id-1 induced VEGF expression by enhancing the stability, nuclear translocation, and activity of HIF-1a protein, and the activation of the extracellular response kinase (ERK) pathway was required for these processes.
Results
Id-1 Enhances HIF-1a Protein Expression in Human Endothelial Cells
As Id-1 is reported to induce angiogenic effect on HUVECs by inducing VEGF expression at the transcriptional level (47), we examined the effect of Id-1 on the expression of HIF-1a, a potent regulator of VEGF transcription. The protein and transcript levels of VEGF were higher in Id-1 -overexpressing cells (Fig. 1A-C) , which is in agreement with the previous report of Ling et al. (46) . In the same control cells, high level of HIF-1a protein expression was seen under hypoxia than normoxia (Fig. 1A, lane 1 versus 3) . Interestingly, the protein levels of HIF-1a were also augmented by Id-1 in both hypoxic and normoxic conditions (Fig. 1A , lane 2 versus 1 and lane 4 versus 3; Fig. 1D , gray columns), but the mRNA level remained constant (Fig. 1B and D, black columns) . Because HIF-1a expression remained constant at the mRNA level but was induced only at the protein level, the effect of Id-1 on HIF1a expression is likely to occur at the posttranscriptional level. Such result implies the possible role of Id-1 in enhancing the protein stability of HIF-1a protein.
Id-1 Induces VEGF and HIF-1a Expression in Human Breast Cancer Cell Line MCF7
The expression of angiogenic regulators upon Id-1 overexpression was examined in MCF7 cells. Augmented VEGF expression at both mRNA ( Fig. 2A) and protein ( Fig. 2B ) levels was observed in Id-1 -overexpressing MCF7 cells. In addition, the protein level of HIF-1a was significantly augmented by Id-1 (Fig. 2B) , but the mRNA level remained constant ( Fig. 2A) . Intriguingly, HIF-1a protein was induced by Id-1 in normoxia, which is known to cause rapid degradation of HIF-1a protein (6) . Id-1 gave augmented HIF-1a only at the protein level, again suggesting the role of Id-1 in enhancing the stability of HIF-1a protein.
Id-1 -Induced HIF-1a Is Not due to Enhanced Protein Synthesis
Because the level of HIF-1a protein is determined by the rates of protein synthesis and protein degradation (48), we tested whether Id-1 affected the protein synthesis of HIF-1a. The endogenous HIF-1a protein decreased upon treatment with the protein synthesis inhibitor cycloheximide in the absence of Id-1 overexpression (Fig. 2C, lanes 1-3) . However, in CoCl 2 -treated samples that mimics hypoxia, HIF-1a protein level was augmented and remained constant even in the presence of cycloheximide (Fig. 2C, lanes 4-6) . Similarly, in the presence of Id-1 overexpression, HIF-1a protein level was increased and remained unchanged upon cycloheximide treatment (Fig. 2C,  lanes 7-9) . Such results show that Id-1 did not affect the protein synthesis of HIF-1a.
Id-1 -Induced HIF-1a Protein Stability Is Dependent on the ERK Signaling Pathway
Because the active ERK pathway has been implicated in the stability of HIF-1a protein (19), we examined whether the ERK pathway was affected by Id-1. More phosphorylated forms of ERK were detected (Fig. 3A) , indicating that Id-1 activated the ERK signaling pathway in MCF7 cells. However, when the ERK signaling pathway was blocked by PD98059 (49), HIF-1a protein levels were significantly reduced (Fig. 3B ). Taken together, the Id-1 -induced HIF-1a protein stability requires active ERK signaling, which in turn is activated by Id-1.
Id-1 Enhances the HIF-1a Protein Stability through Reduced Association of HIF-1a with VHL
As a molecular mechanism by which Id-1 enhances the stabilization of HIF-1a protein, we examined whether Id-1 influenced the association of HIF-1a with the VHL tumor suppressor protein. Under normoxic conditions, oxygendependent hydroxylation of proline residues in HIF-1a is required for the interaction of HIF-1a with VHL, and VHL is the recognition component of an E3 ubiquitin-protein ligase that targets HIF-1a for proteasomal degradation (48) . As seen in Fig. 4 , very strong VHL-HIF-1a interaction and augmented HIF-1a protein were seen in the presence of the proteasome inhibitor MG132 (lane 3). However, VHL-HIF-1a interaction was significantly reduced, whereas the HIF-1a protein itself was augmented when treated with CoCl 2 (Fig. 4, lane 4) . Likewise, Id-1 overexpression yielded reduced VHL-HIF-1a interaction despite augmented HIF-1a protein expression (Fig. 4, lane 5) . To test the role of the ERK pathway in such settings, we adopted the condition of the Fig. 5 of Yoo et al. (19) , where MG132 was added to block the later steps of proteasome-mediated degradation of the HIF-1a protein, especially in the presence of PD98059 (Fig. 4 , lane 7 versus 8). Although the amount of HIF-1a -bound VHL seemed restored when compared with that of Myc-VHL -and Id-1-HA -coexpressing cells (Fig. 4 , lane 8 versus 5), careful examination of the results with an appropriate control revealed that such restoration was mainly due to the effect of MG132 (Fig. 4 , lane 8 versus 6). The effect of MG132 was so overwhelming in terms of Myc-VHL-HIF-1a complex formation (Fig. 4 , lanes 3, 6, and 8) that quantifying the effect of PD98059 was not possible under such experimental settings (Fig. 4 , lanes 8 versus 6). Taken together, we conclude that Id-1 can stabilize HIF-1a protein by reducing its association with the VHL protein. 
Id-1 Enhances the Transcriptional Activity of HIF-1a by Recruiting CBP
We next examined whether the stabilized HIF-1a protein by Id-1 was functional. Total HIF-1a protein was induced and localized to the nucleus as seen by immunocytochemistry (Fig. 5) . In reporter assays done in MCF7 stable cell lines with two distinct reporter constructs (Fig. 6) , both reporter activities were augmented in Id-1 -overexpressing cells (lane 8), but such effect was reversed by PD98059 treatment (lane 9). Similar results in a dose-dependent manner were obtained by coexpression of kinase-inactive forms of ERK (lanes 10-13). Although control Neo cells were capable of activating both reporters by CoCl 2 (lane 2), inhibition of the ERK pathway resulted in minimal reporter activities (lanes 3-7) . From these results, we conclude that Id-1 enhances the transcriptional activity of HIF-1a protein, and that the active ERK pathway is required for such activation. We next tested whether Id-1 augmented the transcriptional activity of HIF-1a by recruiting coactivators. Because p300/CBP can bind to HIF-1a and transcriptionally activate HIF-1 -mediated gene transcription (10), we quantified the relative amount of CBP-HIF-1a complex by coimmunoprecipitation experiments. As seen in Fig. 7 (top) , no binding between CBP and HIF-1a was detected in the absence of Id-1 coexpression (lanes 1 and 2) . Similarly, very weak CBP-HIF-1a complex formation was seen despite high HIF-1a expression upon MG132 treatment in the absence of CoCl 2 treatment or Id-1 coexpression (lane 4). However, very strong binding between CBP and HIF-1a was seen in CoCl 2 -treated cells (lane 3), and similar binding was detected in Id-1 -overexpressing cells (lane 5). Intriguingly, the amount of VHL-bound HIF-1a was very low in CoCl 2 -treated (Fig. 7, middle, lane 3) or Id-1 -overexpressing (lane 5) cells but significantly higher in the presence of MF132 (lane 4). Taken together, we conclude that Id-1 enhances transcriptional activity of HIF-1a by recruiting CBP.
Id-1 -Induced Tube Formation in Human Endothelial Cells Requires Active ERK Signaling
As tube formation is widely used as an in vitro assay for angiogenesis (50) (51) (52) , and as Id-1 is reported to induce tube formation in HUVECs (33, 35, 47) , we examined the role ERK signaling in Id-1 -overexpressing HUVECs. Robust tube formation was observed in Id-1 -overexpressing HUVECs under hypoxia condition ( Fig. 8A and B, lane 2 versus 1) . Intriguingly, Id-1 also gave enhanced tube formation in normoxia as well, although the overall tube formation occurred to a less extent (Fig. 8A and B, lane 5 versus 4) . However, such effect of Id-1 was reversed by blocking the ERK signaling pathway with PD98059 ( Fig. 8A and B, lane 3 versus 2 and lane 6 versus 5). When one-way ANOVA was done to examine the group differences, statistical significance was seen between the groups [hypoxia 1-3 : F(2,6) = 179.638, P = 0.000; normoxia 4-6: F(2,6) = 366.046, P = 0.000]. Upon post hoc test using Scheffe, significant differences between Id-1 (2 and 5) and the other groups (1, 3 and 4, 6) were revealed (the mean differences were significant at the 0.001 level), but not between the control and the Id-1 + PD98059 group. Taken together, we conclude that Id-1 -induced tube formation in HUVECs requires active ERK signaling.
Discussion
Although Id-1 is strongly implicated in tumor angiogenesis, and although numerous cancer cells are reported to overexpress Id-1, there are only a few reports showing the clinical correlation between Id-1 overexpression and tumor angiogenesis. We have previously reported statistically significant correlation between Id-1 overexpression and intratumoral microvessel density in human pancreatic cancers and estrogen receptor -negative/ node-positive breast cancer (39, 40) . Based on these findings, we examined the role of Id-1 overexpression in human breast cancer cell lines and its biochemical mechanisms.
As a candidate mechanism, we explored the possibility of cross talk between Id-1 and HIF-1a. Even under normoxic conditions, Id-1 gave enhanced HIF-1a protein stability (Figs. 1-3 ), nuclear translocation (Fig. 5) , and transcriptional activity (Fig. 6 ) in MCF7 cells. We also report that the activated ERK pathway is important for these processes.
Induction of the ERK pathway has been reported by Id-1 overexpression in prostate cancer (53) and nasopharyngeal carcinoma cells (54) . The results of Raida et al. show enhanced Id-1 expression and activated ERKs in BMP2-overexpressing MCF7 cells, but it is not clear whether the activated signaling pathway resulted from enhanced Id-1 expression, or the two observed phenomena occurred independently (38) . Here, we show that the ERK pathway was activated upon Id-1 FIGURE 6. Id-1 enhances the transcriptional activity of HIF-1a. MCF7 cells stably expressing empty pCI-neo vector (Id-1 À, lanes 1-7) or pCI-neo-Id-1-HA (Id-1 +, lanes 8-13 ) were subjected to reporter assays as described in Materials and Methods. Cells were transiently transfected with appropriate reporters (HRE-Luc or VEGF promoter-Luc ) and ERK mutants (ERK1KR or ERK2KR, lanes 4-7 and 10-13 ) and harvested 25 h later for reporter assays. Some cells were chemically treated with 100 Amol/L CoCl 2 (lane 2) or 100 Amol/L PD98059 (lanes 3 and 9) at 1 h after transfection for 24 h and harvested at 25 h after transfection. (Fig. 3A) and augmented Egr-1 expression. 3 The critical role of ERK pathway in the regulation of HIF-1a protein stability has been reported previously. The stability of HIF-1a protein is increased in hepatitis B virus X proteininduced Chang liver cells, and PD98059 decreases the hepatitis B virus X protein-induced stability of HIF-1a protein (19) . In TetOff-induced HT42 cells, significant amount of HIF-1a protein is expressed under normoxia (55) . Although the authors explain their result as PD98059 having no effect on HIF-1a protein stabilization, we disagree with the authors' interpretation. Their data (Fig. 7A of ref. 55) show that the total amount of induced HIF-1a protein is clearly reduced upon PD98059 treatment, which supports the requirement of active ERK pathway in HIF-1a protein stabilization under normoxia.
The Id-1-induced HIF-1a protein was capable of transactivating two HRE-dependent promoters, which required active ERK signaling (Fig. 6) . Although ERK phosphorylation does take place, phosphorylation of HIF-1a residues considered central for transactivation activity are not phosphorylated by this pathway (56, 57) . Instead, it has been suggested that ERK signaling affects the transactivation activity of p300/CBP by targeting the COOHterminal transactivation domain of CBP, possibly regulating the interaction between p300/CBP and HIF-1a (58, 59) . Moreover, such enhanced phosphorylation of CBP by activated ERK pathway may increase its affinity for HIF-1a, therefore enhancing the nuclear translocation of HIF-1a into the nucleus and reducing its presence in the cytoplasm as seen in the inverse relationship in Fig. 7 (top and middle) .
HIF-1a is a well-known transcriptional regulator of VEGF, the most potent and important angiogenic substance known thus far (60) . Furthermore, HIF-1a is overexpressed in many neoplastic tissues (61) , not only due to the hypoxic nature of tumors but also due to oncogene activation (60) . In this study, we have described the novel mechanism of Id-1 in enhancing the protein stability, nuclear localization, and activity of HIF-1a in human breast cancer cells. Id-1 also induced the protein level of HIF-1a and the in vitro tube formation in human endothelial cells (Figs. 1 and 8) . One possible scenario for the Id-1 effect in endothelial cells would be that the augmented angiogenesis is mediated by increased VEGF expression, which in turn is upregulated by augmented HIF-1a protein. According to our model (Id-1 overexpression ! HIF-1a stability ! VEGF induction ! angiogenesis), induced VEGF may act in an autocrine and/or paracrine manner in endothelial cells. Yet, the recent report of Sakurai et al. presents a different model that VEGF-induced HUVEC activation is mediated by Id-1 and Id-3 (33) . VEGF induces Id-1 and Id-3 and gives HUVEC induction (VEGF treatment ! Id-1, Id-3 induction ! angiogenesis), but silencing of Id-1 and Id-3 by short hairpin RNA transfection inhibits VEGF-induced angiogenic process of HUVECs (33) . However, we do not believe that these two models are mutually exclusive because our Id-1 ! HIF-1a ! VEGF pathway may act as a positive feedback loop in the VEGF ! Id-1 mechanism suggested by Sakurai et al. Because overexpression of Id-1 is sufficient to induce tube formation of HUVECs in both models, it would be intriguing to block the VEGF signaling by adding VEGF-blocking antibodies to the culture media or treat cells with VEGF receptor inhibitors.
Our result also implicate both cancer cells and endothelial cells as possible sources of Id-1 -induced angiogenic factors: that angiogenic factors released from cancer cells or endothelial cells may act in a paracrine or autocrine matter, respectively. The results of Ling et al. support the paracrine model from the cancer cells that the overexpression of Id-1 in prostate cancer cells promotes angiogenesis through the activation of VEGF (47) . In fact, the recent report of Huh et al. show the down-regulation of Id-1 in both mammary tumor and endothelial cells where angiogenesis is blocked by 2-methoxyestradiol treatment (45) . Therefore, by understanding the molecular cross talk between Id-1 and HIF-1a, we not only provide the important implications for tumor angiogenesis but also a valuable target to treat Id-1 -overexpressing cancers.
Materials and Methods
Cell Culture and Hypoxia
HUVECs were isolated from freshly obtained human umbilical cords as described (62) and maintained in gelatincoated dish with M199 media containing endothelial cell growth supplement (20 Ag/mL; Sigma, St. Louis, MO), 5 units/mL heparin, and 20% fetal bovine serum. The cells used in this study were from passages 3 to 9. MCF7 cells (ATCC HTB-22) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, and 293T cells were maintained in DMEM containing 10% fetal bovine serum. For hypoxic stimulation, cells were placed in an anaerobic incubator (Forma Scientific, Marietta, OH) in 1% O 2 , 5% CO 2 , and 94% N 2 at 37jC, or chemically treated with 100 Amol/L CoCl 2 (Sigma).
Overexpression of Id-1
Full-length Id-1 cDNA encoding isoform a (NM_002165) in pLXSN retroviral vector was a generous gift from Dr. Pierre-Yves Desprez (Cancer Research Institute, San Francisco, CA) and used as PCR template for cloning. Kozak sequence and hemagglutinin (HA) epitope tag were added to 5 ¶ and 3 ¶ ends of Id-1 cDNA, respectively, to generate Id-1-HA by PCR (forward, 5 ¶-GAA-GATCTCCACCATGAAAGTCGCCAGTGGCA-3 ¶; reverse, 5 ¶-
The resulting PCR product was cloned into BglII and NotI sites of pShuttle-CMV-IRES-EGFP, which contained IRES-EGFP in NotI and XhoI sites of pShuttle-CMV (Qbiogene, Carlsbad, CA) to generate pShuttle-CMV-Id-1-HA-IRES-EGFP. The sequence of the PCR-cloned Id-1-HA was confirmed by sequencing. Recombinant IRES-EGFP or Id-1-HA-IRES-EGFP adenoviruses were produced with the AdEasy system (Qbiogene) to express EGFP alone or Id-1-HA and EGFP, respectively. Recombinant Id-1-HA retrovirus was generated by inserting the Id-1-HA from pShuttle-CMV-Id-1-HA-IRES-EGFP into the BglII/NotI sites of IRES-EGFP-CL (generous gift from Dr. C.H. Park, Hanyang University, Seoul, Korea) and transiently transfected into 293gpg retrovirus packaging cell line (63) with LipofectAMINE (Invitrogen, Carlsbad, CA). The resulting Id-1-HA retrovirus expressed EGFP and Id-1-HA. As a negative control, retrovirus generated with an empty IRES-EGFP-CL vector, which encodes EGFP alone, was used. Recombinant Id-1-HA expression vector was generated by inserting the blunt-ended Id-1-HA (BglII/NotI fragment blunted with Klenow fragment) from pShuttle-CMV-Id-1-HA-IRES-EGFP into the SmaI site of pCI-neo (Promega, Madison, WI). Transfections were done with FuGENE6 (Roche Molecular Biochemicals, Indianapolis, IN), and stable transfectants harboring empty vector (pCI-neo) or pCI-neo-Id-1-HA were selected and maintained in medium supplemented with G418 (Invitrogen).
Reverse Transcription-PCR
Total RNA was extracted with TRIZOL (Invitrogen), and reverse transcription-PCR was done with Access RT-PCR System (Promega) according to the manufacturer's instructions. The thermal profiles consisted of 94jC for 3 min for initial denaturing followed by 30 cycles of 95jC for 1 min, 64jC for 1 min, and 72jC for 1 min. Specific primers used for PCR are as follows: Id-1 (forward, 5 ¶-TCTTCAAGCCATCCTGT-GTGC-3 ¶; reverse, 5 ¶-AGCGTAGTCTGGGACGTCGT-3 ¶), VEGF (forward, 5 ¶-TCTTCAAGCCATCCTGTGTGC-3 ¶; reverse, 5 ¶-CACATTTGTTGTGCTGTAGGAAGC-3 ¶), HIF-1a (forward, 5 ¶-TGTAATGCTCCCCTCACCCAACGAA-3 ¶; reverse, 5 ¶-CAGGGCTTGCGGAACTGCTTTCTAA-3 ¶), and glyceraldehyde-3-phosphate dehydrogenase (forward, 5 ¶-CGG-AGTCAACGGATTTGGTCGTAT-3 ¶; reverse, 5 ¶-AGCCTTCT-CCATGGTTGGTGAAGAC-3 ¶).
Immunoblotting and Immunoprecipitation
Cell lysis and immunoblotting were done with buffers and antibodies as described (19) . Anti-HIF-1a immunoprecipitation was done as described (19) . Anti-CBP or anti-VHL immunoprecipitation was done with 0.5 mg cell lysate and 2 Ag anti-CBP antibody (sc-1211; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-VHL antibody (sc-5575; Santa Cruz Biotechnology), respectively. The resulting immunocomplex was precipitated by adding 40 AL Protein A-Sepharose CL-4B (GE Healthcare, Piscataway, NJ) and detected by immunoblotting with appropriate antibodies. Antibodies against Id-1 (sc-488), VEGF (sc-507), HIF-1a (sc-10790), and Myc (sc-40) were from Santa Cruz Biotechnology. h-Actin (mab1501r) was from Chemicon International (Temecula, CA). Phosphorylated ERK (phospho-specific at T202 and Y204; CS 9101) was from Cell Signaling Technology (Danvers, MA). ERK (61-7400) was from Zymed Laboratories (South San Francisco, CA). Flag was from Sigma.
Immunocytochemistry
MCF7 stable cells (7.5 Â 10 4 per chamber) that had been plated the previous day on a four-chamber slide glass (Lab-Tek II Chamber Slide System, Nalge Nunc International, Rochester, NY) were subjected to appropriate treatments for 24 h. The cells were fixed with 4% paraformaldehyde for 30 min and then permeabilized with 0.2% Triton X-100 in PBS for 5 min at room temperature. The cells were incubated in blocking solution of 3% bovine serum albumin in PBS for 1 h and stained with anti-HIF-1a antibody (1:100 dilution) in PBS containing 3% bovine serum albumin overnight, followed by addition of R-phycoerythrin -conjugated anti-rabbit immunoglobulin antibody (1:200 dilution; Sigma) in PBS containing 3% bovine serum albumin. Nuclei were stained with 4 ¶,6-diamidino-2-phenylindole. Stained cells were visualized by fluorescence microscopy (Nikon Instech Co., Kanagawa, Japan).
Reporter Gene Assay
HRE-Luc reporter, VEGF promoter-Luc reporter, pERK1KR, and pERK2KR were as described previously (64) (65) (66) . Reporter gene assay was done as described (19) . Briefly, MCF7 cells stably expressing empty pCI-neo vector or pCI-neo-Id-1-HA were seeded at 1.5 Â 10 3 per well in a 12-well plate on the day before transfection and transiently transfected with a reporter construct (50 ng HRE-Luc or 150 ng VEGF promoter-Luc) and a h-galactosidase expression vector (100 ng) in the maintenance medium with FuGENE 6 (Roche Molecular Biochemicals). For cotransfection experiments, plasmids encoding kinase-inactive ERK1/2 were additionally added at 100 ng (low) or 250 ng (high) per well. The total amount of DNAwas kept constant at 500 ng per well by using corresponding empty vector as control filler plasmid DNA. For chemical treatments, cells were treated at 1 h after transfection with 100 Amol/L CoCl 2 or 100 Amol/L PD98059 for 24 h. At 25 h after transfection, cells were harvested in reporter lysis buffer (Luciferase Assay System with Reporter Lysis Buffer, Promega), and luciferase activities were measured on a MicroLumat Plus LB96V luminometer (Berthold Technologies, Bad Wildbad, Germany). The reporter activities were calculated after normalization with the transfection control of h-galactosidase activity.
Tube Formation Assay
Tube formation assay was done as described (67) . Briefly, HUVECs infected with control or Id-1-HA retrovirus for 72 h were seeded on a layer of Matrigel (BD Biosciences, Bedford, MA) in the presence or absence of PD98059 for 24 h. The closed networks of vessel-like tubes were counted under an inverted light microscope. Incomplete networks were excluded.
